In all eukaryotic cells that have been examined, specific membrane arrays are induced in response to increased levels of the ER membrane protein, HMG-CoA reductase. Analysis of these inducible membranes has the potential to reveal basic insights into general membrane assembly. Yeast express two HMG-CoA reductase isozymes, and each isozyme induces a morphologically distinct proliferation of the endoplasmic reticulum. The isozyme encoded by HMG1 induces karmellae, which are long stacks of membranes that partially enclose the nucleus. In contrast, the isozyme encoded by HMG2 induces short stacks of membrane that may be associated with the nucleus, but are frequently present at the cell periphery. To understand the molecular nature of the different cellular responses to Hmglp and Hmg2p, we mapped the region of Hmglp that is needed for karmellae assembly. For this analysis, a series of exchange alleles was examined in which a portion of the Hmg2p membrane domain was replaced with the corresponding Hmglp sequences. Results of this analysis indicated that the ER lumenal loop between predicted transmembrane domains 6 and 7 was both necessary and sufficient for karmellae assembly, when present in the context of an HMG-CoA reductase membrane domain. Immunoblotting experiments ruled out the simple possibility that differences in the amounts of the various chimeric HMG-CoA reductase proteins was responsible for the altered cellular responses. Our results are consistent with the hypothesis that each yeast isozyme induces or organizes a qualitatively different organization of ER membrane.
In all eukaryotic cells that have been examined, specific membrane arrays are induced in response to increased levels of the ER membrane protein, HMG-CoA reductase. Analysis of these inducible membranes has the potential to reveal basic insights into general membrane assembly. Yeast express two HMG-CoA reductase isozymes, and each isozyme induces a morphologically distinct proliferation of the endoplasmic reticulum. The isozyme encoded by HMG1 induces karmellae, which are long stacks of membranes that partially enclose the nucleus. In contrast, the isozyme encoded by HMG2 induces short stacks of membrane that may be associated with the nucleus, but are frequently present at the cell periphery. To understand the molecular nature of the different cellular responses to Hmglp and Hmg2p, we mapped the region of Hmglp that is needed for karmellae assembly. For this analysis, a series of exchange alleles was examined in which a portion of the Hmg2p membrane domain was replaced with the corresponding Hmglp sequences. Results of this analysis indicated that the ER lumenal loop between predicted transmembrane domains 6 and 7 was both necessary and sufficient for karmellae assembly, when present in the context of an HMG-CoA reductase membrane domain. Immunoblotting experiments ruled out the simple possibility that differences in the amounts of the various chimeric HMG-CoA reductase proteins was responsible for the altered cellular responses. Our results are consistent with the hypothesis that each yeast isozyme induces or organizes a qualitatively different organization of ER membrane. INTRODUCTION Assembly of specific membranes is an essential process throughout cell growth and development. Nevertheless, the mechanisms by which cells achieve this specificity are not understood in even a single case. A useful approach to unravel these mechanisms focuses on the specific membrane biogenesis induced by a subset of membrane proteins Von Meyenburg et al., 1984; Weiner et al., 1984; Elmes et al., 1986; Wright et al., 1988) . One of the best characterized of these proteins is HMG-CoA reductase, an integral ER membrane protein that catalyzes the rate-limiting 5 Corresponding author. step in cholesterol biosynthesis (see Goldstein and Brown, 1990 for recent review). In all organisms that have been tested, elevations in the level of HMG-CoA reductase lead to the assembly of cell type-specific membrane arrays Anderson et al., 1983; Pathak et al., 1986; Li et al., 1988; Singer et al., 1988; Wright et al., 1988; Andreis et al., 1990; Wright et al., 1990) . For example, mammalian cells assemble hexagonal arrays of smooth membrane tubules known as crystalloid ER (endoplasmic reticulum) Anderson et al., 1983; Pathak et al., 1986) . In contrast, yeast cells assemble stacked membrane arrays (Wright et al., 1988; Koning and Wright, unpublished data In animals and fungi, HMG-CoA reductase is bound to membranes via a complex membrane domain that spans the bilayer at least seven times (Liscum et al., 1985; Olender and Simoni, 1992; Roitelman et al., 1992) . Although this domain has no role in the catalytic activity of HMG-CoA reductase, it is essential for both sterol-induced degradation of HMG-CoA reductase Gil et al., 1985; Skalnik et al., 1988) and for induction of membrane biogenesis (Jingami et al., 1987; this study) . One model to account for HMG-CoA reductase-induced membrane biogenesis is that the membrane-bound domain of the protein delivers a signal for production of specific membrane arrays. Cells respond to this signal by producing the necessary proteins and lipids that are assembled with HMG-CoA reductase into the membrane array. The nature of the putative signal is unknown, but may require specific sequences in the membrane domain.
Consistent with this model, the specific organization of the membranes formed in response to HMG-CoA reductase is cell-type specific (Wright et al., 1990) . For example, although the amino acid sequences of the membrane domains of mammalian and yeast HMGCoA reductase have no sequence homology, each is capable of inducing membranes in the other cell type. However, the membranes formed are determined by the cell type in which the membranes are assembled. Consequently, expression of mammalian HMG-CoA reductase in yeast leads to karmellae, rather than crystalloid ER formation. In contrast, expression of yeast HMG-CoA reductase in mammalian cells leads to crystalloid ER, rather than karmellae assembly. These results suggest that cell-specific factors are involved in organization of the amplified membranes.
Unlike mammalian cells that have only a single HMG-CoA reductase gene, yeast carry a pair of genes, HMG1 and HMG2, that each encodes a functional HMG-CoA reductase isozyme (Basson et al., 1986). HMG1 and HMG2 encode proteins (referred to as Hmglp and Hmg2p) with nearly identical catalytic domains and either gene can support cell viability (Basson et al., 1986) . Less homology is present in the membrane domain sequence, although the secondary structures of the membrane domains are similar, if not identical (Basson et al., 1986; Sengstag et al., 1990) . Interestingly, each isozyme induces a morphologically distinct organization of stacked membranes (Wright et al., 1988; Koning and Wright, unpublished observations) . Cells that express 10-fold elevated levels of Hmglp assemble karmellae, which are long stacks of membranes that partially encircle the nucleus. In contrast, cells that express 10-fold elevated levels of Hmg2p assemble short stacks of membranes that can be near the nucleus, but are frequently at the cell periphery. Thus, although they are functionally interchangeable and structurally similar, each yeast HMGCoA reductase isozyme produces a different and readily observable cellular response.
As a first step in understanding the mechanics and regulation of specialized membrane biogenesis, the different cellular responses to Hmglp and Hmg2p were exploited to map the karmellae-inducing sequences in Hmglp. Specifically, we examined cells expressing chimeric proteins that replaced portions of the Hmglp membrane domain with the corresponding Hmg2p sequences. As expected from similar studies in mammalian cells, the activity of HMG-CoA reductase was not required for stimulation of membrane proliferation. In addition, results of this analysis demonstrated that a region of the Hmglp predicted to lie in the ER lumen was both necessary and sufficient to induce karmellae assembly. Quantitative differences in amounts of the chimeric proteins could not account for the altered membrane assembly. Thus, these results raise the possibility that the signal for karmellae assembly may operate through protein-protein interactions that occur in the ER lumen.
MATERIALS AND METHODS Strains and Media
The yeast strains used in this study are listed in Table 1 . Strains containing plasmids were grown at 30'C on modified minimal medium (0.67% yeast nitrogen base without amino acids, 2% glucose, 2% casamino acids) supplemented with the appropriate amino acids or nucleotide bases (Sherman et al., 1986) . Strains not containing plasmids were grown on YPD (2% yeast extract, 2% Bactopeptone, and 2% glucose) (Sherman et al., 1986) . Solid medium contained 2% agar. Membrane morphology was assayed on cultures at OD6. of 0.5 or less (early logarithmic phase)
Molecular Genetic Manipulations
Construction of the genes that encode Hmgl:Hmg2 fusion proteins is described by Sengstag et al. (1990) . In brief, the fusion proteins consist of the membrane domain of HMG-CoA reductase (aminoterminal 525 amino acids), followed by the first 307 amino acids of mature invertase, and terminated with the carboxyl-terminal 767 amino acids of histidinol dehydrogenase. To (Koning et al., 1993) . Photographs of DiOC6-stained cells were taken using Polaroid type 57 film (3000 ASA). Alternately, the stained cells were observed with laser scanning confocal microscopy using a Bio-Rad MRC6000 laser scanning confocal microscope (488-nm excitation wavelength and BHS emission filter; Richmond, CA).
The immunofluorescence procedure was modified from methods described by Pringle et al. (1989) . Specifically, 3-5 ml of an early log-phase culture (0.3-0.5 OD600 per ml) was fixed for 2 h in 3.7%
formaldehyde. Cells were washed twice by centrifugation and resuspension in 1.2 M sorbitol, 100 mM potassium phosphate, pH 7.5. For partial removal of the cell wall, the washed cell pellet was resuspended in 0.5 ml of this buffer to which had been added 1 j,l of ,3-mercaptoethanol, 10 j.l glusulase (Sigma Chemicals, St. Louis, MO), and 50 ,ul of 1 mg/ml zymolyase 20T (ICN, Irvine, CA). After incubation at 37°C for 15 min, the cells were washed twice by centrifugation and resuspension in Tris-buffered saline (TBS). A 15-,ul aliquot of the washed cell suspension was applied to each well of a multiwell slide (Cell-line Associates, Newfield, NJ), which had previously been treated for 15 min with 1% aqueous polyethylenimine, then rinsed in tap water, and air dried. The cells were allowed to settle and adhere during a 15-min incubation in a moist chamber; then the nonadherent cells were removed by aspiration and the The fluorescence intensity observed with the anti-invertase antiserum was too low for conventional photography. Consequently, the signal was captured and amplified using a silicon-intensified video camera and analysis system (DAGE-MTI, Michigan City, IN). Hard-copy images from the video display were made using a video printer (Seikosha, Mahwah, NJ).
PAGE and Immunoblotting
Crude membrane fractions were prepared from logarithmic phase cultures using modifications of a method described by Deschenes and Broach (1987 (Sengstag et al., 1990) . The Suc2p sequences served as an immunological tag and the His4p sequences encoded histidinol dehydrogenase, an activity that is functional only when in the cytoplasm (DeShaies and Schekman, 1987) . This Suc2p-His4p carboxyl terminus was useful for in vivo and in vitro tests of yeast HMG-CoA reductase topology (Sengstag et al., 1990) .
The ability of the fusion proteins to induce karmellae was determined by staining living cells with the lipophilic fluorescent dye DiOC6. Under the conditions used in this study, DiOC6 specifically stained the nuclear envelope and endoplasmic reticulum, allowing the presence of membrane proliferations to be rapidly assessed and quantitated (Koning et al., 1993) . Cells that lacked karmellae were distinguished by dim, uniform nuclear envelope staining ( Figure 1A ). In contrast, cells with karmellae membrane proliferations were characterized by bright, asymmetric nuclear envelope staining (Figure 1, B-D Figure 2 ). This result confirmed that, as observed in mammalian cells, the sequences required for membrane induction were present in the membrane domain. Thus, elevations of HMG-CoA reductase activity were not required for induction of membrane biogenesis. Rather, the membrane-associated region was sufficient for karmellae induction. Karmellae were observed in 20% of the cells expressing the intact Hmglp protein ( Figure 3A Figure 2 under-represented the presence of karmellae. Nevertheless, karmellae were both more frequently observed and more prominent in cells expressing the Hmgl(1_7):Suc2:His4p fusion protein than in those expressing the intact Hmglp protein.
We examined the complete series of fusion proteins in which increasing portions of Hmglp were replaced with the corresponding Hmg2p sequences. All proteins that contained at least the last loop and transmembrane domain of Hmglp (i.e., Loop G and TMD7) were able to induce karmellae formation (Figure 2 and Figure 3 , C-H). Thus, karmellae membranes were assembled in cells that expressed fusion proteins containing this portion of Hmglp, even when the remainder of the membrane domain consisted of Hmg2p sequences (see Figure 4) . In contrast, only 3% of the cells expressing the fusion protein that contained the entire Hmg2p membrane domain assembled karmellae. Although short stacks of membranes are present at the cell periphery and near the nucleus of cells expressing Hmg2p (Koning and Wright, unpublished observations), karmellae are not observed by electron microscopy or DiOC6 staining in cells expressing wildtype Hmg2p. Thus, even the small number of karmellae observed in the strain expressing Hmg2(1_7):Suc2:
His4p strain was unexpected.
A straightforward interpretation of these results was that information needed to generate karmellae was not present in the first six transmembrane domains of Hmglp nor in the loops that link these transmembrane domains. In addition, these results suggested that a karmellae-inducing signal was present in the carboxyl-terminal portion of the Hmglp membrane domain, perhaps extending from Loop G through transmembrane domain 7 (Figure 4) lower amounts than chimeric proteins that induced karmellae. To examine this possibility, the relative levels of fusion proteins expressed in each strain were evaluated by immunoblots using antiserum against the Suc2 gene product, invertase ( Figure 5 ). Although variations in protein amount were present, these variations did not correlate with the ability of a fusion protein to induce karmellae. For example, cells expressing Hmg2(1_7):Suc2:His4p contained higher levels of fusion protein than Hmg2(1 3):Hmgl(4-7):Suc2: His4p, Hmg2(1_4):Hmgl(-7):Suc2:His4p, or Hmg2(1_5):
Hmgl(6-7):Suc2:His4p. However, the cells expressing Hmg2(1_7):Suc2:His4p assembled karmellae in only 3% of the cells, whereas the other strains assembled 15-20%. This observation indicated that the ability to induce karmellae was due to qualitative rather than quantitative differences.
Perinuclear Localization Was Insufficient to
Induce Karmellae The ability of a protein to induce karmellae might depend upon its specific localization within the cell. If so, proteins that induced karmellae would be present in a particular subcellular compartment, whereas proteins that cannot induce karmellae would be present in a different compartment. To examine this possibility, the subcellular localization of the fusion proteins was determined by immunofluorescence ( Figure 6 ). Intact Hmglp protein was present in the nuclear envelope, and enriched in karmellae membranes ( Figure 6A ). As expected, the Hmgl(1_7):Suc2:His4p fusion protein had a similar localization pattern as the intact Hmglp protein, indicating that the Hmglp membrane domain was sufficient for localization ( Figure 6B ). All of the other fusion proteins with chimeric Hmg2:Hmglp membrane domains were also present in the nuclear envelope, in many cases displaying an asymmetric localization pattern like that of the intact Hmglp protein (data not shown). For example, the Hmg2(1-7):Suc2:His4p fusion protein was present within the nuclear envelope ( Figure 6C ). In addition, rather than being uniformly present throughout the nuclear envelope, Hmg2(1_7):Suc2:His4p was asymmetrically localized in the nuclear envelope, producing a pattern that resembled the localization of Hmglp. Surprisingly, Hmg2p had a different localization pattern. Instead of being localized in the nuclear envelope, Hmg2p was present in discrete patches just beneath the plasma membrane (Figure Hmg2(6-7):Suc2:His4p (JRY287), a strain expressing a fusion protein containing the first five transmembrane domains of HMG2, and the remaining membrane domain of HMG1 fused to SUC2:HIS4 (karmellae scored in 20% of cells); (G) Hmgl(1_6):Hmg2(7):Suc2:His4p (JRY288), a strain expressing a fusion protein containing the first six transmembrane domains of HMG2, and the remaining membrane domain of HMG1 fused to SUC2:HIS4 (karmellae scored in 11% of cells). The karmellae in this strain frequently looped away from the nucleus, as shown in this cell; (H) Hmg2:Suc2:His4p (JRY289), a strain expressing a fusion protein containing the HMG2 membrane domain fused to SUC2:HIS4 (karmellae scored in 3% of cells). Confocal microscopy; Bar, 2 ,um. 6D). Thus, it appeared that sequences in the carboxyl terminus of Hmg2p were important for localization. Regardless of this unexpected result, the (Figures 2 and 7D) . (Roitelman et al., 1992) . The region of HMG1 that was sufficient for karmellae induction is depicted by the thicker lines.
were compared with Hmgl(Hmg2 Loop G):Suc2:His4p using anti-invertase antiserum and Hmg2p' levels were compared with Hmg2(Hmgl Loop G) using antiserum against the carboxyl terminal 15 amino acids of Hmg2p. In both cases, similar amounts of altered protein were produced relative to controls, ruling out the possibility that Loop G simply affected protein. quantity (Figure 8 ). Our analysis demonstrated that the information required for karmellae biogenesis was present within the Hmglp Loop G sequence (Figure 4) . The ability of this region to induce karmellae was assayed in the context of the normal topology of an HMG-CoA reductase membrane domain that provided the best controlled environment to test its function. In addition to Loop G, ultrastructural analysis indicated that the loop between the 5th and 6th transmembrane domains (lane E), which assembled karmellae in 15--20% of the population. Thus, the inability of Hmg2:Suc2:His4p to induce karmellae did not reflect a decreased accumulation of the protein relative to the karmellae-inducing proteins. As a control for gel loading, the blot was also probed with antisera against the ER protein Kar2p. (B) The graph compares the fusion protein levels, normalized to total protein, and the amount of karmellae induced by each chimeric protein.
There was no simple correlation between the amount of fusion protein and the capacity to induce karmellae, indicating that qualitative differences in the proteins were important determinants of karmellae-inducing ability.
("Loop E") appeared to be important for close association of the resulting membranes with the nucleus (Wright, unpublished observations) . Interestingly, Loop E is predicted to be located in the cytoplasm, whereas Loop G is predicted to lie within the ER lumen (Sengstag et al., 1990) . (JRY289), localization of fusion protein using affinity-purified antiserum against invertase (recognizes the Suc2p portion of the fusion protein). Unexpectedly, this fusion protein was not present in the same location as the intact Hmg2 protein (see panel D). Instead, in many cells, it was present in the nuclear envelope. The localization was not uniform, but also asymmetric as observed for Hmglp and the Hmgl:Suc2:His4p fusion proteins. (D) Hmg2p (JRY249), localization of Hmg2p protein using affinity-purified antiserum against the carboxyl-terminal 15 amino acids of the catalytic domain. Hmg2p was not localized in the nuclear envelope. Instead, it was present in patches near the cell periphery. Although not obvious in this photograph, the brightly stained region was present just beneath the plasma membrane. Cells contained one or more of these Hmg2p-containing structures. (see also Figure 7C Several conclusions concerning HMG-CoA reductase-induced membrane assembly came from these data. First, fusion proteins in which the entire catalytic domain was replaced with heterologous sequences assembled karmellae. Thus, the membrane domain was both necessary and sufficient for induction of membrane biogenesis and for determining the organization of the resulting membranes. This result ruled out the possibility that membrane biogenesis in response to HMG-CoA reductase was merely due to increased sterol biosynthesis. Second, the region required for karmellae biogenesis was present in a specific, contiguous region of the membrane domain. Third, the ability to induce karmellae did not correlate with either quantitative differences between the fusion proteins nor with differences in their subcellular localization. Thus, the inability of Hmg2p to induce karmellae was not due to lower relative amounts of the protein nor to its presence in a membrane that was incapable of assembling karmellae. Taken together, our results supported the notion that induction of karmellae biogenesis involved interactions between the Hmglp membrane domain Loop G and other cellular components.
The HMG-CoA reductase membrane domain has three known functions in mammalian cells. It is required for subcellular localization of the enzyme (Skalnik et al., 1988) , for control of HMG-CoA reductase half-life in response to sterols Gil et al., 1985; Jingami et al., 1987) , and for induction of membrane biogenesis in response to increases in HMG-CoA reductase levels Skalnik et al., 1985 Skalnik et al., , 1988 Chun and Simoni, 1992) . Specific regions of the membrane domain have been identified that are necessary for regulation of half-life in response to sterols (Jingami et al., 1987; Skalnik et al., 1988; Chun and Simoni, 1992) . In addition, the role of certain membrane regions in induction of membrane biogenesis has been examined (Jingami et al., 1987) . Interestingly, an HMG- CoA reductase allele in which the sequences encoding transmembrane domains 4 through 5 were deleted was capable of inducing membrane proliferation, but the membranes were not organized into the highly structured crystalloid ER structures induced by wild-type mammalian HMG-CoA reductase (Jingami et al., 1987) . The picture that is beginning to emerge indicates that the membrane domain of HMG-CoA reductase comprises a mosiac of different functions that map to discrete regions (Skalnik et al., 1988; Chun et al., 1990; Chun and Simoni, 1992) .
Recent work has shown the membrane domain also mediates half-life control of the yeast Hmg2p (Hampton and Rine, 1994) . In these studies, the sequences in Hmg2p needed for regulated degradation are present in "Loop B" (Hampton and Rine, 1994) . In contrast, results presented in this paper demonstrate that the sequences of Hmglp needed for karmellae assembly were present in Loop G. Thus, different functions of the membrane domain appear to be mediated by different regions of the membrane domain.
The amino acid sequences of the Hmglp and Hmg2p Loop G are compared in Figure 9 . Loop G, which was necessary and sufficient for induction of karmellae biogenesis, is one of the membrane domain regions with the least homology between Hmglp and Hmg2p . Of the 76 amino acids in this sequence, 33 are identical (43%). However, the homology is not uniformly distributed throughout the sequence. Instead, the differences cluster into certain areas (boxed in Figure 9 ). Based on Chou and Fasman algorithms performed by the program MacDNASIS (Hitachi Software Engineering, San Bruno, CA), the predicted secondary structures of Hmglp and Hmg2p Loop G are also different (Figure 9 ). Note the helix and turn structures in the first boxed region of Hmglp versus the predicted sheet structure for the corresponding region of Hmg2p. In addition, the predicted structure (Weiner et al., 1984; Elmes, 1986) , ATP synthase (Von Meyenburg et al., 1984) , or sn-glycerol-3-phosphate acyltransferase (Wilkenson et al., 1986 (Wilkenson et al., , 1992 Ghadially, 1976; Karnaky et al., 1984; York and Dickson, 1985; Braunbeck et al., 1987; Ho, 1987; Nott and Moore, 1987; Lopez-Iglesias and Puvion-Dutilleul, 1988; Thiaw et al., 1988; Kandasamy and Kristen, 1989; Kerr and Weiss, 1991) . However, as in prokaryotic cells, few specific proteins have been identified that are capable of mediating these alterations. The two best characterized examples involve the smooth ER proteins, cytochrome P450 and HMG-CoA reductase (Orrenius et al., 1965; Orrenius and Ericsson, 1966; Black, 1972; Black et al., 1979; Wright and Rine, 1989) . In these cases, the membranes contain the inducing protein, as well as additional proteins, while the presence of these membranes produces few, if any observable growth defects (Orrenius et al., 1965; Kochevar and Anderson, 1987) . Consequently, the membrane proliferations produced in eukaryotes are more complex than the simple lipid/ protein crystals observed in prokaryotic cells. In fact, secretory proteins can pass through the crystalloid ER, indicating that it can function as an intermediate of the secretory pathway (Bergman and Fusco, 1990) . Taken together, these observations raise the possibility that the coupling of membrane biogenesis to a select group of proteins may reflect basic control circuits for the synthesis of specific cellular membranes. Regardless, the ability to control membrane biogenesis by selectively altering the level of a single protein provides a useful vantage point for gaining a molecular perspective on how cells regulate the synthesis and organization of specific cellular membranes.
